1. The activities of 2-oxoglutarate dehydrogenase (EC 1.2.4.2) were measured in hearts and mammary glands of rats, mice, rabbits, guinea pigs, cows, sheep, goats and in the flight muscles of several Hymenoptera. 2. The activity of 2-oxoglutarate dehydrogenase was similar to the maximum flux through the tricarboxylic acid cycle in vivo. Therefore measuring the activity of this enzyme may provide a simple method for estimating the maximum flux through the cycle for comparative investigations. 3. The activities of pyruvate dehydrogenase (EC 1.2.4.1) in mammalian hearts were similar to those of 2-oxoglutarate dehydrogenase, suggesting that in these tissues the tricarboxylic acid cycle can be supplied (under some conditions) by acetyl-CoA derived from pyruvate alone. 4. In the lactating mammary glands of the rat and mouse, the activities of pyruvate dehydrogenase exceeded those of 2-oxoglutarate dehydrogenase, reflecting a flux of pyruvate to acetyl-CoA for fatty acid synthesis in addition to that of oxidation via the tricarboxylic acid cycle. In ruminant mammary glands the activities of pyruvate dehydrogenase were similar to those of 2-oxoglutarate dehydrogenase, reflecting the absence of a significant flux of pyruvate to fatty acids in these tissues.
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Although the tricarboxylic acid cycle is the major pathway for regenerating ATP under aerobic conditions in many tissues, it is difficult to determine its rate of operation in vivo. The indirect methods used hitherto are either very time-consuming or prone to serious errors. For example, Neely et al. (1972) have estimated the flux through the tricarboxylic acid cycle in the perfused rat heart indirectly from measurements of the uptake of glucose, 02, the rate of glycolysis and changes in the content of endogenous fuels. Although this technique probably gives an accurate assessment of the rate of the cycle, it involves a considerable amount of work and can only be applied to isolated tissue preparations: it is not suitable for comparative investigations involving many different tissues. The flux through the cycle in mammary glands has been estimated from the rate of production of "4CO2 from [6-14C] glucose, but this method overestimates the flux if glucose carbon is cycled between hexose phosphate and triose phosphate (see Smith, 1971) .
The maximum flux through several ATP-regenerating pathways in muscle has been estimated indirectly by measuring the activities of certain enzymes that catalyse irreversible (non-equilibrium) reactions Vol. 164 in vivo (Crabtree & Newsholme, 1972a ,b, 1975 . This approach is most suitable for comparative investigations, since the enzyme activities can be measured relatively quickly, enabling the investigation of many tissues. However, not all enzymes catalysing irreversible reactions have maximum activities similar to the maximum flux through the pathways to which they belong (Crabtree & Newsholme, 1975) , and this applies to previously reported activities of enzymes of the tricarboxylic acid cycle. Thus Alp et al. (1976) have shown that the activity of citrate synthase (EC 4.1.3.7) in muscle is usually severalfold greater than the maximum flux through the cycle in vivo, so that this enzyme cannot be used as an index ofthe maximum tricarboxylic acidcycle flux in vivo. Further, although the activity of NAD-linked isocitrate dehydrogenase (EC 1.1.1.41) was only 2-3 times as great as the maximum flux in several insect flight muscles, in vertebrate muscles the high activity of the NADP-linked enzyme (EC 1.1.1.42), relative to the flux in vivo, and the possible reversibility of the isocitrate dehydrogenase reaction in vivo suggest that the reaction catalysed by NAD-linked isocitrate dehydrogenase is reversible in these latter muscles (see also Crabtree & Newsholme, 1975) . If this is the case, the maximum activities of both the NAD-and the NADP-linked isocitrate dehydrogenases will be much greater than, the flux through the reactions in vivo, and neither can be used to estimate the maximum tricarboxylic acidcycle flux. (1976) shows that in several muscles (notably vertebrate heart) the activity of this enzyme is much greater than the maximum flux through the tricarboxylic acid cycle in vivo. Consequently, the activity of this enzyme is not a satisfactory index ofthe maximum rate of the cycle in vivo.
Since the reaction catalysed by 2-oxoglutarate dehydrogenase (EC 1.2.4.2) is strongly exergonic and is therefore likely to be irreversible in vivo, its maximum activity could be similar to the maximum tricarboxylic acid-cycle flux. The results in the present paper indicate that this is the case, and that the activity of this enzyme can be used to estimate the maximum flux through this pathway in vertebrate heart and mammary gland and in some insect flight muscles.
Materials and Methods Chemicals and enzymes
All chemicals and coupling enzymes were obtained from Boehringer Corp. (London) Ltd., London W.5, U.K., except for the following: EGTA and mercaptoethanol were obtained from Koch-Light Laboratories, Colnbrook, Bucks., U.K.; dichloroacetic acid, EDTA and all inorganic reagents were obtained from BDH, Poole, Dorset, U.K.; p-(p-aminophenylazo)benzenesulphonic acid was a gift from Dr. R. M. Denton oftheDepartment ofBiochemistry, University ofBristol; arylamine acetyltransferase was prepared from pigeon livers by the method of Tabor et al. (1953) as modified by Coore & Field (1974 Samples (10-100mg) of tissue were homogenized manually in ground-glass homogenizers with lOvol. of medium. The homogenizing medium used when assaying 2-oxoglutarate dehydrogenase and phosphofructokinase consisted of 50mM-triethanolamine/ KOH, 2mM-MgCI2, 1 mM-EDTA, 30mM-mercaptoethanol, 2M-glycerol and 1 mM-2-oxoglutarate at pH7.4. The medium used when assaying pyruvate dehydrogenase consisted of 100mM-potassium phosphate, 16mM-MgCI2, 1 mM-pyruvate, 1 mM-EGTA, 1 mM-CaC12 and 1 mM-dichloroacetate at pH7.8. Pyruvate, dichloroacetate and EGTA/Ca2+ (which buffers the Ca2+ concentration at approx. 1OpM) were included to promote the activation of and minimize the inactivation of pyruvate dehydrogenase (see Whitehouse & Randle, 1973; Randle et al., 1974; Whitehouse et al., 1974) . Preliminary experiments showed that incubating homogenates of rat heart and lactating mammary gland for up to 60min at 30°C did not increase the activity of pyruvate dehydrogenase.
Homogenates were sonicated for approx. l5s in a MSE 100W sonicator at maximum power, and those of insect flight muscle and mammalian heart muscle were assayed for activity within 5min of sonication: homogenates of mammary gland were centrifuged for approx. 1 min at low speed (approx. 600g) to remove connective tissue and lessen turbidity in the cuvette. These treatments either had no effect or slightly increased the activities of the dehydrogenases in homogenates of bumble-bee flight muscle, rat heart and lactating mammary gland. Other methods for releasing latent mitochondrial enzymes, such as freezing and thawing the homogenate, were not investigated.
Enzyme assays
Enzyme activities were determined at 25°C using a recording spectrophotometer (Gilford model 252 attachment to Unicam SP. 500) and are expressed as ,umol of product formed/min per g wet wt. The assay procedures were assumed to be optimal for all the tissues investigated, although this was established only for some (see the Results and Discussion section; Crabtree & Newsholme, 1972a) . The precautionary notes given by Crabtree & Newsholme (1972a) and Alp et al. (1976) about the use of the activities for 1977 precise quantitative considerations apply to the activities reported here. Assay of2-oxoglutaratedehydrogenase. This enzyme was assayed by measuring the rate of reduction of NAD+ at 340nm. The assay medium contained 90mM-Tris/HCI, 12mM-mercaptoethanol, 1 mM-KCN, 0.5mM-CoA, 0.4mM-ADP, 2mM-NAD+ and 0.8mM-2-oxoglutarate at pH7.4: volumes (1-20,cl) of homogenate were added to 1 ml of assay medium in a cuvette. The activity of 2-oxoglutarate dehydrogenase was obtained from the rate of change of A340 minus that of a control from which CoA was omitted. With homogenates of insect flight muscles there was a residual rate of NADH oxidation in the presence of cyanide which was not decreased by increasing the concentration of cyanide in the assay: this continuously reoxidized some of the NADH generated by 2-oxoglutarate dehydrogenase, leading to the underestimation of its activity. However, further investigations revealed that the residual NADH oxidation was saturated at very low concentrations of NADH (approx. 1 4M), so that it should be operating at or near its maximum rate within the first minute of the 2-oxoglutarate dehydrogenase assay. Therefore the 2-oxoglutarate dehydrogenase activities in the insect flight-muscle homogenates were corrected by adding the residual rate of NADH oxidation, determined with a control assay containing 50uM-NADH in place of CoA. No cyanide-insensitive oxidation of NADH was observed with homogenates of mammalian tissues. The presence of ADP (0.4mM) was found to be necessary for the maximum activities of 2-oxoglutarate dehydrogenase in the insect flight muscles (see also Hansford, 1972) .
Assay ofpyruvate dehydrogenase. The assay for this enzyme was based on that described by Coore et al. (1971) . The assay medium contained 100mM-Tris/ HCI, 1 mM-MgCl2, 5mM-mercaptoethanol, 1 mMthiamin pyrophosphate, 1 mM-NAD+, 1 mM-pyruvate, 0.08imM-CoA and 10g of p-(p-aminophenylazo)-benzenesulphonic acid/ml at pH7.8: 0.1 unit of arylamine acetyltransferase and suitable volumes (2-20,ul) of homogenate were added to 1 ml of assay medium. The activity of pyruvate dehydrogenase was obtained from the rate ofchange ofA460 minus that of a control from which pyruvate, CoA and NAD+ were omitted. Another control, from which the homogenate was omitted, corrected for pyruvate dehydrogenase activity that contaminated some preparations of arylamine acetyltransferase.
Assay of phosphofructokinase. The assay for this enzyme was based on that described by Opie & Newsholme (1967) . The assay medium contained 75mM-Tris/HCI, 7mM-MgCI2, 200mM-KCI, 1 mm-KCN, 0.17mM-NADH, 2mM-AMP, I mM-ATP and 1 mM-fructose 6-phosphate at pH 8.2: aldolase (2 units), glycerol 3-phosphate dehydrogenase (2 units) and triose phosphate isomerase (10 units) Vol. 164 were added to 1 ml of assay medium and the reaction was initiated by adding 1-10,ul of homogenate. The activity of phosphofructokinase was obtained from the rate ofchange ofA340 minus that ofa control from which fructose 6-phosphate, ATP and AMP were omitted.
Results and Discussion Stability and some properties of 2-oxoglutarate dehydrogenase
The 2-oxoglutarate dehydrogenase activity in homogenates of insect flight muscles and rat heart was lost very rapidly unless both glycerol and 2-oxoglutarate were included in the homogenizing medium: this stabilizing effect of glycerol is similar to that reported for NAD-linked isocitrate dehydrogenase (Cox & Davies, 1967; Alp et al., 1976) . However, the enzyme was only moderately stable even with glycerol and 2-oxoglutarate present in the homogenate (up to 50% of the activity in bumble-bee flight muscle and rat heart was frequently lost within 20 min ofhomogenization). This made it impossible to subject the homogenates to treatments (e.g. dialysis or gel filtration) that remove small molecules. Consequently, the kinetic properties reported here may have been influenced by effectors added with the homogenate.
With homogenates of bumble-bee (Bombus terrestris) flight muscle, rat heart and lactating mammary gland, the rate of NADH formation corresponding to the 2-oxoglutarate dehydrogenase activity required Williamson et al. (1973) and from blowfly flight muscle (90M) by Hansford (1972) . However, the Km values for CoA and NAD+ are somewhat greater than those reported for rat heart (approx. 5 and 20,UM respectively) by Williamson et al. (1973) , although these differences may be due to the use of crude homogenates in the present work. Nevertheless, the Km values given in Table 1 indicate that the concentrations used in the routine assay are sufficient to saturate the enzyme.
2-Oxoglutarate dehydrogenase activity as an index of the rate of the tricarboxylic acid cycle in vivo Table 2 compares the activities of 2-oxoglutarate dehydrogenase and the rate of the tricarboxylic acid cycle in several Hymenopteran flight muscles, in rat heart and lactating mammary gland and in lactating goat mammary gland. [Hymenopteran flight muscles were chosen for this comparison because they use only glucose as a fuel for flight and contain negligible activities of lactate dehydrogenase; thus all the pyruvate produced from glucose enters and is oxidized by the tricarboxylic acid cycle (for review see Crabtree & Newsholme, 1975) . Since the maxi- Katz et al. (1974) , assuming a Q,o of 2, that the parenchymal tissue constituted 50% of the total weight of the gland and that the wet wt./defatted dry wt. ratio of the tissue is 8 (see Katz et al., 1974, pp. 7349 and 7353) . For rat heart, the rate of the cycle was calculated from the value of 30.4,umol of acetyl-CoA oxidized/min per g dry wt. at 370C reported by Neely et al. (1972) , assuming a Qio of 2 and a wet wt./dry wt. ratio of 4. For goat mammary gland the rate of the cycle was calculated from the 02 uptake of 23.4ml/min per kg of udder (Linzell, 1960) , assuming a body temperature of 37°C, a Qlo of 2 and that 1 pmol of acetyl-CoA produced from either glucose or fatty acids and oxidized by the tricarboxylic acid cycle is equivalent to the uptake of 3pmol of 02. The activities in insect flight muscles are those of individual insects, whereas those for the rat and goat are mean values from (Table 2) show that the former provides a good assessment of the latter. Thus measuring the 2-oxoglutarate dehydrogenase activities of these tissues provides a simple method for estimating the maximum flux through the tricarboxylic acid cycle in vivo. Table 3 presents the activities of 2-oxoglutarate dehydrogenase in the hearts and mammary glands of several mammals. The activity of this enzyme in the heart ofany given species (and hence the maximum tricarboxylic acid-cycle flux) was much greater than that in the mammary gland, reflecting the lower oxidative capacity (on a tissue-weight basis) of the latter. The activities of 2-oxoglutarate dehydrogenase in mammary glands from the rat and guinea pig increased between pregnancy and lactation. Such an increase has been shown for several other mammarygland enzyme activities, especially those involved in the increased biosynthesis that accompanies lactation (Gumaa et al., 1973; Baldwin & Yang, 1974) .
In the hearts, and more especially the lactating mammary glands, there was no tendency for the 2-oxoglutarate dehydrogenase activities (and hence the maximum rate of the tricarboxylic acid cycle) to decrease with an increasing body weight ofthe animal. Previous results had indicated a significant inverse relationship between body weight and the maximum tricarboxylic acid-cycle flux in heart (see Crabtree & Newsholme, 1975) , but these were based on the activities of succinate dehydrogenase and NADlinked isocitrate dehydrogenase, neither of which is a satisfactory index of the maximum rate of the cycle in vertebrate muscles (see the introduction). Since the tricarboxylic acid cycle in heart is responsible for regenerating much of the ATP for muscular activity under normal aerobic conditions, a decrease in maximum tricarboxylic acid-cycle flux (per unit weight of heart) with body weight would have been expected on theoretical grounds (see Crabtree & Newsholme, 1975) . However, the physical fitness of an animal is also an important factor determining the oxidative capacity of, and hence the rate of the tricarboxylic acid cycle in, the muscles (Holloszy & Oscai, 1969; Baldwin et al., 1972) and variations in this and/or some other factor superimposed on the effects caused by body weight could have produced the distribution in Table 3 .
Flux ofpyruvate to acetyl-CoA and its oxidation via the tricarboxylic acid cycle
In rat adipose tissue the maximum activity of Vol. 164 (4) (1.1-3.5) 2.7 (4) (1.5-3.5) 1.4 (3) (1.1-1.6) 1.2 (4) (1-1.3) 1.2 (4) (0.9-1.4) (4) (1.1-1.4) 2.5 (4) (2.2-2.7) 1.5 (3) (1.4-1.6) 1.5 (4) (1.3-1.9) 1.2 (4) (1-1.5)
1.6 (4) (1.5-1.7) 0.2 (3) (0.15-0.25) 0.55 (6) (0.42-0.7) <0.05 (2) 0.16 (4) (0.12-0.19) 0.25 (4) (0.2-0.3) 0.13 (4) (0.11-0.14) 0.1 (4) (0.09-0.12) 0.09 (4) (0.07-0.1) pyruvate dehydrogenase in vitro is similar to the maximum flux of pyruvate to acetyl-CoA in vivo (Wieland et al., 1973) , which suggests that the activity of this enzyme might be used to estimate and compare the maximum fluxes of pyruvate to acetylCoA in other tissues. (see Wieland et al., 1973; Coore & Field, 1974; Randle et al., 1974) , it is not possible to be certain that all the enzyme was extracted in the active form, although the homogenization medium was designed to favour the extraction of and conversion into this form (see the Materials and Methods section). However, the mean activity of pyruvate dehydrogenase in lactating rat mammary gland, 0.55,pmol/min per g (Table 3 ), is only slightly lower than the total activity reported by Coore & Field (1974) for this tissue (0.7,umol/min per g, assuming that the activity is halved by a decrease in temperature of 100C, i.e. a Qlo of2). Also, the mean activity of this enzyme in rat heart, 3.4,4mol/min per g (Table 3 ), is only slightly lower than the total activity reported by Whitehouse & Randle (1973) for this tissue (4.5 umol/min per g, assuming a Qlo of 2 and a wet wt./dry wt. ratio of 4). (The total activities were measured after complete activation with pyruvate dehydrogenase phosphatase.) Consequently, the procedure used in the present work appears to extract and assay most of the enzyme in its active form. It should also be noticed that in the hearts the distribution of the pyruvate dehydrogenase activities was very similar to that of the 2-oxoglutarate dehydrogenase activities (Table 3) , which suggests that neither distribution is an artifact. Indeed, the similar activities of pyruvate dehydrogenase and 2-oxoglutarate dehydrogenase in the heart of any given species (Table 3) suggest that this tissue can obtain all the acetyl-CoA for the tricarboxylic acid cycle from pyruvate, and hence from glucose. However, this contribution from pyruvate will be decreased when alternative fuels such as acetate, ketone bodies or long-chain fatty acids become increasingly available (see Randle et al., 1966) .
In contrast with heart, in which there is no significant synthesis of long-chain fatty acids de novo, the lactating mammary glands of several mammalian species use glycolytically produced pyruvate for the synthesis of long-chain fatty acids as well as for oxidation via the tricarboxylic acid cycle: the pathway for fatty acid synthesis from pyruvate involves the mitochondrial formation of citrate by pyruvate dehydrogenase and citrate synthase, transport of citrate into the cytoplasm and formation of cytoplasmic acetyl-CoA by ATP citrate lyase (for reviews, see Bauman & Davis, 1974 . However, in ruminant mammary glands the activity of ATP citrate lyase is negligible, so that citrate and hence pyruvate cannot be used for fatty acid synthesis by these tissues (Hardwick, 1966; Bauman & Davis, 1974) . The activities of pyruvate dehydrogenase and 2-oxoglutarate dehydrogenase in most of the lactating mammary glands investigated (Table 3) reflect this difference between ruminant and non-ruminant tissue. Thus in lactating mammary glands from the rat and mouse the activity of pyruvate dehydrogenase is significantly greater than that of 2-oxoglutarate dehydrogenase (Table 3) . Since the latter is involved only in the oxidative part of the tricarboxylic acid cycle, whereas the former is involved in both pyruvate oxidation and its conversion into fatty acids, the difference between the activities of these two enzymes may be an estimate of the maximum flux of pyruvate to acetyl-CoA for fat synthesis. Indeed, the difference between the mean activities of pyruvate dehydrogenase and 2-oxoglutarate dehydrogenase in lactating rat mammary gland, 0.45,umol/min per g, is similar to the rate of conversion of pyruvate into acetyl-CoA for fat synthesis in a cell preparation from this tissue, approx. 0.6,umol/min per g wet wt. (Katz et al., 1974;  value corrected for temperature and weight as described in the legend of Table 2 ).
On the other hand, the activity ofpyruvate dehydrogenase in the ruminant mammary glands was similar to or slightly lower than that of 2-oxoglutarate dehydrogenase, reflecting the absence from this tissue of a significant flux of pyruvate to fatty acids. However, the presence of similar activities of these two enzymes in ruminant mammary glands does suggest that these tissues can oxidize glycolytically produced pyruvate, and this has been shown for the goat by Hardwick (1966) and Smith & Taylor (1977) .
Finally, in two non-ruminant mammary glands, those from the rabbit and guinea pig, the activities of pyruvate dehydrogenase and 2-oxoglutarate dehydrogenase were similar, as in ruminant mammary glands (Table 3) . However, in rabbit and guinea-pig mammary glands the flux of glycolytically produced pyruvate to fatty acids is much lower than that in rat mammary gland (see Strong & Dils, 1972) , so that any difference between the activities of the enzymes would probably have been too small to be significant in the present work. In this connexion it is noteworthy that the mean values for pyruvate dehydrogenase activity in lactating mammary glands (Table 3) decrease in the order rat > rabbit > guinea pig > cow, which is the same order as the rates of incorporation of glucose (and hence glycolytically produced pyruvate) into fatty acids (Strong & Dils, 1972) .
